Parkinson's disease (PD) is characterized by striatal dopamine depletion, especially in the posterior putamen. The dense connectivity profile of the striatum suggests that these local impairments may propagate throughout the whole cortico-striatal network. Here we test the effect of striatal dopamine depletion on cortico-striatal network properties by comparing the functional connectivity profile of the posterior putamen, the anterior putamen, and the caudate nucleus between 41 PD patients and 36 matched controls. We used multiple regression analyses of resting-state functional magnetic resonance imaging data to quantify functional connectivity across different networks. Each region had a distinct connectivity profile that was similarly expressed in patients and controls: the posterior putamen was uniquely coupled to cortical motor areas, the anterior putamen to the pre--supplementary motor area and anterior cingulate cortex, and the caudate nucleus to the dorsal prefrontal cortex. Differences between groups were specific to the putamen: although PD patients showed decreased coupling between the posterior putamen and the inferior parietal cortex, this region showed increased functional connectivity with the anterior putamen. We conclude that dopamine depletion in PD leads to a remapping of cerebral connectivity that reduces the spatial segregation between different cortico-striatal loops. These alterations of network properties may underlie abnormal sensorimotor integration in PD. Figure 2 . Similar cortico-striatal connectivity across groups. The images represent SPM{t} maps of similar functional connectivity across groups (conjunction analysis), thresholded at P \ 0.001 FDR corrected for multiple comparisons, overlaid on anatomical images from a representative subject of the MNI series. The images are relative to connectivity with the posterior putamen (A), the anterior putamen (B), the caudate nucleus (C), and the PCC (D).
Introduction
Parkinson's disease (PD) is characterized by a degeneration of dopaminergic cells in the midbrain (Braak et al. 2003) , which leads to dopamine depletion in the striatum (Brooks and Piccini 2006) . This neurochemical alteration impairs neuronal processing in the basal ganglia (Rivlin-Etzion et al. 2006 ), which propagates, through the dense cortico-striatal connections (Houk and Wise 1995) , to altered activity in other brain regions (van Eimeren and Siebner 2006) . This indicates that taking a network perspective on PD is fundamental for understanding the pathophysiology of this disease (He et al. 2007) .
Previous neuroimaging studies in PD have described patterns of spatial covariance between different brain regions during performance of a task (Monchi et al. 2004) , as well as steadystate differences in brain activity during rest (Eckert et al. 2007 ). These patterns of coactivations might suggest the presence of a functional circuit (Postuma and Dagher 2006) , but networks are better defined on the basis of the structure of temporal interactions between regions (functional connectivity; He et al. 2007) . Accordingly, electrophysiological studies have used this approach to describe altered connectivity patterns in PD (Williams et al. 2002; Stoffers et al. 2008) , but these methods have very limited spatial coverage and are mostly blind to subcortical structures. Previous functional magnetic resonance imaging (fMRI) studies have focused on altered connectivity related to performance of a specific task (Rowe et al. 2002; Helmich et al. 2009 ), but this approach confines the findings to a particular cognitive process. In contrast, here we study the temporal coupling between intrinsic blood oxygen level--dependent (BOLD) fluctuations over the whole brain, testing whether striatal dysfunction in PD alters functional connectivity both within and between different cortico-striatal circuits.
Using intrinsic BOLD fluctuations to study functional connectivity of the human brain is a relatively novel experimental approach, supported by empirical evidence detailing the specific spatial and temporal structure of these fluctuations (Biswal et al. 1995; Damoiseaux et al. 2006; Fox and Raichle 2007) . These intrinsic fluctuations engage specific cerebral assemblies on a time scale of several seconds (Biswal et al. 1995) , and they are thought to reflect the hemodynamic consequences of slow variations in transient neuronal dynamics that propagate through anatomically connected networks (Ghosh et al. 2008; He et al. 2008; Honey et al. 2007 Honey et al. , 2009 ). The huge metabolic load of these intrinsic fluctuations suggests that they are functionally relevant (Fox and Raichle 2007) , possibly by normalizing or consolidating synaptic weights within a cerebral network (Pinsk and Kastner 2007; Balduzzi et al. 2008 ). In addition, it has been shown that alterations in these intrinsic fluctuations can be used as a marker of network dysfunction (Li et al. 2002; Greicius et al. 2004; Sheline et al. 2009 ).
Here we compare intrinsic fluctuations measured in PD patients and healthy controls, focusing on 3 distinct corticostriatal loops involving the posterior putamen, the anterior putamen, and the caudate nucleus. This parcellation rests on 2 facts. First, these cortico-striatal loops have been clearly described in macaques (Alexander et al. 1986 ), and they have recently been confirmed in healthy humans using both diffusion tensor imaging (Lehericy, Ducros, Van de Moortele, et al. 2004; Draganski et al. 2008 ) and resting-state fMRI (Di Martino et al. 2008; Zhang et al. 2008; Kelly et al. 2009 ). In macaques, these loops remain largely segregated in terms of functional processing and anatomical connectivity (Alexander et al. 1986; Hoover and Strick 1993) . For example, whereas the head of the caudate receives massive projections from the prefrontal cortex, the posterior putamen connects to the primary motor cortex and the supplementary motor area (SMA) (Alexander et al. 1986 ). Second, these loops respect the regionally specific pattern of dopamine depletion observed in PD. That is, although the posterior putamen is heavily depleted of dopamine, the anterior putamen and the caudate nucleus are relatively spared (Kish et al. 1988; Guttman et al. 1997; Nurmi et al. 2001; Bruck et al. 2006) . Accordingly, we test the hypothesis that PD patients show altered cortico-striatal connectivity, and that this alteration follows the specific spatial pattern of dopamine depletion occurring in this disease. This implies that functional connectivity within the cortico-striatal loop passing through the posterior putamen should decrease, whereas connectivity with the anterior putamen and the caudate nucleus should remain relatively intact. Furthermore, given that dopamine depletion might cause pathological (increased) interactions between different cortico-striatal loops (Bergman et al. 1998; Filion et al. 1988; Pessiglione, Czernecki, et al. 2005) , we test whether striatal dysfunction in PD leads to altered interactions between different cortico-striatal loops. We test these hypotheses by measuring the coupling between intrinsic BOLD fluctuations in different striatal subregions and those in the rest of the brain (also known as resting-state fMRI; Biswal et al. 1995; Damoiseaux et al. 2006; Fox and Raichle 2007) , comparing cortico-striatal connectivity patterns in PD patients with those in matched healthy controls.
Materials and Methods

Subjects
Patients
Forty-one right-handed PD patients (24 men, aged 57 ± 2 years) participated after having given written informed consent according to institutional guidelines of the local ethics committee (CMO region Arnhem-Nijmegen, the Netherlands). Patients were included when they had idiopathic PD, diagnosed according to the UK Brain Bank criteria by an experienced movement disorders specialist (B.R.B.). Exclusion criteria were moderate--severe head tremor, cognitive dysfunction (Mini Mental State Examination < 24 or frontal executive problems), other neurological diseases (such as severe head trauma or stroke), and general exclusion criteria for MRI scanning (such as claustrophobia, pace-maker, and implanted metal parts). Ten patients had never used any anti-Parkinson medication; the others used dopaminergic medication (levodopa and dopamine agonists). The experiments were carried out in the morning, at least 12 h after the last dose of dopaminergic medication (in a practically defined off-condition; Langston et al. 1992) . Each patient's disease severity was assessed using the Hoehn and Yahr stages and the Unified Parkinson's Disease Rating Scale (UPDRS). Patients were at a relatively early stage in the course of their disease (disease duration of 6.0 ± 0.6 years; average ± SEM; defined as the time since the patient subjectively noticed his first symptoms). Average disease severity (total score on the UPDRS) was 28.3 ± 1.5 points (maximum score is 108 points). The average disease stage, using the Hoehn & Yahr (H&Y) score, was 2.1 ± 0.1 (maximum stage is 5). The median H&Y stage was 2, which refers to ''bilateral disease, without impairment of balance.'' Patients had no frontal executive dysfunction (average score on the Frontal Assessment Battery: 16.7 ± 0.2 points; maximum score is 18 points) (Dubois et al. 2000) .
Healthy Subjects
Thirty-six healthy right-handed control subjects (18 men, aged 57 ± 1 years) participated in this study. Age and gender were equally distributed across the patient and control groups (age: t(75) = -0.10; P = 0.92, independent-samples t-test; gender: chi-square = 0.56; P = 0.45).
Image Acquisition
Functional images were acquired on a Siemens TRIO 3 T MRI system (Siemens, Erlangen, Germany) equipped with echo planar imaging (EPI) capabilities, using an 8-channel head coil for radio frequency transmission and signal reception. Subjects were instructed to lie still with their eyes closed, and to avoid falling asleep. Immediately after the end of the scan, subjects were asked whether they managed to stay awake. None of the subjects reported to have fallen asleep. BOLDsensitive functional images were acquired using a single shot gradient EPI sequence (time echo/time repetition [TE/TR] = 30/1450 ms; 21 axial slices, voxel size = 3.5 3 3.5 3 5.0 mm; interslice gap = 1.5 mm; field of view [FOV] = 224 mm; scanning time~6 min, 265 images). Highresolution anatomical images were acquired using a magnetization prepared rapid acquisition gradient echo sequence (TE/TR = 2.92/ 2300 ms; voxel size = 1.0 3 1.0 3 1.0 mm, 192 sagittal slices; FOV = 256 mm; scanning time~5 min).
Preprocessing of Imaging Data
All data were preprocessed and analyzed with SPM5 (Statistical Parametric Mapping, www.fil.ion.ucl.ac.uk/spm) . First, functional EPI images were spatially realigned using a least squares approach and a 6 parameter (rigid body) spatial transformation (Friston et al. 1995) . Subsequently, the time series for each voxel was realigned temporally to acquisition of the first slice. Images were normalized to a standard EPI template centered in MNI space (Ashburner and Friston 1997) and resampled at an isotropic voxel size of 2 mm. The normalized images were smoothed with an isotropic 8-mm full-width-at-half-maximum Gaussian kernel. Images were low-pass filtered using a fifth order Butterworth filter to retain frequencies below 0.1 Hz, because the correlations between intrinsic fluctuations are specific to this frequency range (Biswal et al. 1995; Fox and Raichle 2007) . Anatomical images were spatially coregistered to the mean of the functional images (Ashburner and Friston 1997) and spatially normalized by using the same transformation matrix applied to the functional images.
Striatal Seed Regions
To define our striatal seed regions, each subject's normalized anatomical MRI scan was segmented into the left and right caudate nuclei and putamen, using an automized subcortical segmentation tool implemented in FSL (FIRST v1.1; www.fmrib.ox.ac.uk/fsl; Patenaude 2007) . This procedure, as distinct from the use of segmented structures from a single subject (Zhang et al. 2008) or from an anatomical atlas (Tzourio-Mazoyer et al. 2002) , accounts for interindividual differences in subcortical anatomy, thus increasing the reliability and sensitivity of our analyses. We separated the putamen into a posterior and an anterior part, to account for the well-known functional differences between these regions (Jueptner et al. 1997; Lehericy et al. 2005) , and to account for the uneven amount of dopamine depletion between these regions in PD, which is most severe in the posterior putamen (Kish et al. 1988; Guttman et al. 1997; Nurmi et al. 2001; Bruck et al. 2006 ). The border between these two regions was defined as the line passing through the anterior commissure, in correspondence with previous neuroimaging work (positron emission tomography, fMRI: Lehericy et al. 2006; Postuma and Dagher 2006; diffusion tensor imaging: Lehericy, Ducros, Krainik, et al. 2004 ; dopamine transporter imaging: Martinez et al. 2003) . To avoid partial volume effects (i.e., averaging of signals from two functional compartments into one voxel), we left a gap of 3 mm between the posterior (y < -1; 32 ± 1% of total volume) and anterior (y > + 1; 68.2 ± 1% of total volume) subdivisions of the putamen. Voxels in this gap were excluded. The caudate nucleus was also subdivided into 2 parts according to the same anatomical rule.
Given the small volume of the posterior part (8.1 ± 0.3%), and because the close proximity of the posterior caudate (tail) to the ventricles may contaminate the caudate time course with signal from the cerebrospinal fluid (CSF), we included only the anterior part (91.8 ± 0.3% of the total caudate volume) in the analyses. Last, we used the normalized (but unsmoothed) fMRI time series to calculate the mean time course of each seed region. This was done by averaging across all voxels over the left and right hemispheres, using MarsBaR (http://marsbar.sourceforge.net; Brett et al. 2002) . This resulted in 3 BOLD time courses representing three striatal seed regions: posterior putamen, anterior putamen, and anterior caudate nucleus (see Fig. 1A,B ).
Control Seed Region
In addition to the 3 striatal seed regions mentioned above, we also added a fourth region: the bilateral posterior cingulate cortex (PCC; see Fig. 1C, D) . This was done to test whether differences in functional connectivity would be specific to the cortico-striatal circuitry, or whether they would generalize to other (nonstriatal) circuits. We selected the PCC, because the network involving this region (also known as the default mode network; DMN) has been widely described in recent years (Raichle et al. 2001; Greicius et al. 2003) , and it does not involve the basal ganglia. Thus, we predicted that group differences should be present for the three striatal seed regions, but not for the PCC. We identified the PCC by overlapping the respective template from the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al. 2002) with subject-specific segmented gray matter maps, to ensure minimal spatial overlap between the template and CSF or white matter. The PCC time course was calculated by averaging across all voxels within the seed region.
Nuisance and Tremor-Related Signals
First, to remove non-neuronal fluctuations from the data, we added to our model 2 time courses describing the average signal intensity in the bilateral lateral ventricles (CSF; defined using FSL FIRST v1.1, Oxford, UK) and in a blank portion of the MR images (Out of Brain signal). Second, although average head movements were generally small (on average~1 mm for both groups), PD patients moved slightly more than healthy controls (see Suppl. Material). Thus, to optimally control for the motion effects, we added 36 motion parameters to our model: the linear, quadratic, and cubic effects of the 6 parameters describing the motion of each volume, as well as the first derivative of those effects (to control for spin-history effects). Previous work has proven the effectiveness of this procedure for removing motionrelated artifacts from fMRI data (Lund et al. 2005) .
Third, a concern that arises when measuring resting-state fMRI in PD patients is that (motorically) these patients may not be at rest. Specifically, the parkinsonian tremor could alter functional connectivity within the motor system and thereby provide a trivial source of differences between PD patients and control subjects. To control for this factor, muscle activity in the most-affected arm (sampled with electromyography [EMG]) was measured during MR-scanning in all 41 PD patients and in a subgroup of 23 out of 36 controls. We used this signal to remove-through multiple regression-tremor-related variance from the data (see Suppl. Material).
Statistical Analyses
For each subject a multiple regression analysis at the first-level was performed (using the general linear model implemented in SPM5), including the time courses of the three striatal seed regions and the PCC, the 38 nuisance regressors and three tremor-related EMG regressors in the PD group. All regressors were band-pass filtered between 0.008 and 0.l Hz. before inclusion into the model. Functional scans were high-pass filtered (period > 128 s) to remove low frequency ( <0.008 Hz.) confounds such as scanner drifts. Thus, the same frequencies (between 0.008 and 0.1 Hz) were retained in both the functional scans and in the regressors. Parameter estimates (beta values) for all regressors were obtained by maximum-likelihood estimation, modeling temporal autocorrelation as an AR(1) process. For each seed region, the parameter estimate (for a specific subject, in a specific voxel) reflects the influence of the seed region's time course on the time course of that voxel, while controlling for the contribution of all the other regressors in the model (i.e., the other two striatal seed regions, the PCC, the tremor-related regressors and the nuisance regressors; Friston 2007) . In other words, the variance that was shared between seed regions (for example, global signal fluctuations of no interest) was not assigned to any of the regressors, increasing the specificity of our findings. Importantly, this procedure also avoids the introduction of artificial negative correlations that may result from removal of the global signal (Murphy et al. 2009 ).
Group-level analyses were carried out using a random-effects model implemented in SPM5. For each group, we entered the beta images of the 3 striatal seed regions and the PCC into a 2 3 4 repeated-measures ANOVA (full factorial design) with factors GROUP (patients vs. controls) and REGION (posterior putamen, anterior putamen, anterior caudate, PCC). For each of the 4 regions, we investigated both common functional connectivity (i.e., using conjunction analyses; Nichols et al., 2005) and differential functional connectivity (i.e., PD vs. controls). Corrections for multiple comparisons were carried out at the voxel level using the false discovery rate (FDR) (Genovese et al. 2002) . The statistical threshold was set to P < 0.001 FDR corrected, to control for the number of contrasts (16 in total) that we used. A cluster-extent threshold of 50 voxels was applied to all comparisons.
Last, we tested for a relationship between disease severity and altered connectivity by correlating individual connectivity measures (beta values extracted from the inferior parietal cortex [IPC]; MNI coordinates [56 -20 28]) with measures of disease severity (total UPDRS score and with the disease duration).
Supplementary Analyses
We performed 4 post hoc control analyses to further characterize the differential connectivity between groups (all described in the Suppl. Material). First, we investigated whether the shift in connectivity we observed for the IPC (see Results, Fig. 3 ) might be caused by a shift in the functional border between posterior and anterior putamen in the PD group. For instance, if PD would lead to a functional enlargement of the posterior putamen-shifting the border rostrally as compared with the controls-then this might cause the apparent shift from posterior to anterior putamen connectivity we observed. To test this, we redefined the borders of the striatal seed regions-moving it 5 mm in either the posterior or the anterior direction-and we repeated the same analyses as described above. Second, we tested whether the altered connectivity in PD was different for the least-and most-affected striatum. Thus, we used a model with both left-and right-lateralized time courses for the 3 striatal seed regions, and directly compared cortico-striatal connectivity of the left and right striatum across groups. Third, we wanted to rule out that group differences were caused by tremor. Thus, we compared the size of the effect (depicted in Fig. 3 ) between 13 PD patients without any tremor (resting tremor score of 0 on the UPDRS, and no tremor-related EMG activity during scanning) and 18 PD patients with moderate to severe tremor (resting tremor score of > 2 on the UPDRS, and tremor-related EMG activity during scanning). In addition, we evaluated the spatial distribution of tremorrelated brain activity (i.e., brain regions where activity cofluctuated Figure 1 . Seed regions. There were 4 seed regions: posterior putamen (in red), anterior putamen (in yellow), caudate nucleus (in blue), and PCC (in pink). The 3 striatal seed regions were individually defined for each subject on the basis of their structural MRI scans (A shows a transverse slice through the striatal region of a representative subject, with the seed regions in their respective colors). The PCC was individually defined for each subject on the basis of the spatial overlap between the PCC AAL-template (Tzourio-Mazoyer et al. 2002) and the subject's segmented gray matter (C shows a transverse slice through the PCC region of a representative subject). Each seed region was then used to average the BOLD signal from the corresponding volume of each image of the fMRI time series (B and D show the striatal seed regions and the PCC overlaid on the average EPI scan of a representative subject).
tremor amplitude) and compared it with the spatial distribution of regions showing differential connectivity across groups. Fourth, to rule out that group differences were caused by residual effects of dopaminergic medication (although all PD patients were tested offmedication), we compared the size of the effect (depicted in Fig. 3 ) between 10 unmedicated PD patients and 31 medicated PD patients.
Functional Characteristics of the Seed Regions
Given the severe and uneven striatal dopamine depletion in PD, one might expect differences in the functional characteristics of the striatal seed regions, as well as the relationship between the different seed regions. Thus, we computed the following functional properties of the four seed regions, and compared them across groups (all described in the Suppl. Material). First, for each seed region we calculated the average BOLD signal and its variance (coefficient of variation). Second, we computed the correlation matrix for the 4 different seed regions, as well as its condition number (square root of the ratio of the largest to smallest eigenvalue), in order to estimate the global stability of the regression coefficients. Third, to estimate the frequency characteristics of the intrinsic fluctuations with the four seed regions, we calculated the power spectra of the time course of each region and compared these across groups.
Anatomical Characteristics of the PD Patients and Control Subjects
We considered the possibility that between-groups anatomical differences could give rise to spurious differences in functional connectivity. Thus, we performed the following anatomical analyses to rule this out (as described in the Suppl. Material). First, we compared the volumes of each striatal seed region (in native anatomical space) between the two groups. Second, we considered whether the shift in cortico-striatal connectivity from posterior to anterior putamen that we observed in PD (see Results) could be caused by a caudal-to-rostral shift in the anatomical position of the putamen in the PD group. Thus, for each subjects we computed the anatomical borders (i.e., the most posterior and anterior y-coordinates, in MNI space) of each striatal seed region, and we compared these y-coordinates across groups. Third, we tested whether the altered connectivity patterns we observed might be caused by differences in cortical gray matter volume across groups. Thus, we performed a voxelbased morphometry (VBM) analysis on segmented and normalized gray matter images of all subjects, and we compared the distributions of gray matter probabilities between groups (Ashburner 2007) .
Anatomical Inference
Anatomical details of cerebral regions with significant changes in functional connectivity were obtained by superimposing the SPMs onto a structural image. The atlas of (Duvernoy et al. 1991 ) was used to identify relevant anatomical landmarks. The Anatomy Toolbox (Eickhoff et al. 2005) was used for regions where cytoarchitectonic maps were available.
Results
Cortico-striatal Connectivity Shared between Groups
We searched for brain regions with similar strength of corticostriatal couplings in both PD patients and healthy controls. The spatial distribution of these brain regions followed the anatomy of cortico-striatal loops (Alexander et al. 1986 ), in line with previous resting-state fMRI studies (Di Martino et al. 2008; Zhang et al. 2008; Kelly et al. 2009 ) and a meta-analysis of cortical and striatal coactivation patterns (Postuma and Dagher 2006) .
Posterior Putamen
The posterior putamen was functionally connected to large parts of the cortical motor system, including the bilateral primary motor cortex (M1; Brodmann area [BA] 4), primary somatosensory cortex (BA 3), SMA (BA 6), dorsal premotor cortex (BA 6), ventral premotor cortex (BA 6 and 44), cerebellum (cortex and vermis), and inferior parietal cortex (see Table 1 ; Fig. 2A ). There were also regions outside the core motor system showing functional connectivity with the posterior putamen, that is, the bilateral dorsolateral prefrontal cortex, the extrastriate visual cortex, and the caudal superior temporal gyrus (Table 1 ; Fig. 2A ).
Anterior Putamen
The anterior putamen was functionally connected to the pre-SMA, anterior cingulate cortex (ACC), subthalamic region, and bilateral middle frontal gyrus (BA 9). There was also significant functional connectivity with the left rostral part of the middle temporal gyrus and with the middle cingulate cortex (see Table 1 ; Fig. 2B ).
Anterior Caudate
In both groups, the anterior caudate was functionally coupled to large parts of the prefrontal cortex, more specifically the bilateral dorsomedial (BA 8 and 9) and dorsolateral prefrontal cortex (BA 9, 10, and 46), inferior temporal gyrus, inferior parietal cortex (all bilaterally), and the left hippocampus. There was also significant functional connectivity with the cerebellar cortex (see Table 1 ; Fig. 2C ).
Posterior Cingulate
As repeatedly described (Greicius et al. 2003) , the PCC was functionally connected to different parts of the so-called DMN: the ventromedial--prefrontal cortex and the angular gyrus in both left and right hemispheres. There was also significant functional connectivity with the cerebellar tonsils and the inferior temporal gyrus (bilaterally), as well as the left hippocampus (see Table 2 ; Fig. 2D ).
Differential Cortico-striatal Connectivity Across Groups
We compared the connectivity maps of each of the 4 seed regions between groups. There were striking differences in the connectivity pattern of the posterior putamen: in PD patients, functional connectivity was reduced between the posterior putamen and the cingulate motor area (CMA, ventral to BA 6), the bilateral postcentral gyrus (primary somatosensory cortex; BA 1, 2, and 3b), the parietal operculum (secondary somatosensory cortex; ) and the supramarginal gyrus (rostral part of the inferior parietal cortex, IPC; BA 40; Caspers et al. 2006 ). These clusters did not extend into the lateral premotor cortex (Fig. 3) . Smaller clusters in the precentral gyrus (BA 4), the middle frontal gyrus, temporal operculum, superior temporal gyrus, insula, and fusiform gyrus also showed reduced functional connectivity with the posterior putamen in the PD group (Table 3 ). There were no regions with enhanced functional coupling to the posterior putamen in PD patients. The anterior putamen showed the opposite pattern. In the PD group, this structure had enhanced functional connectivity with the bilateral parietal operculum (secondary somatosensory cortex) and supramarginal gyrus (rostral IPC, BA 40; Table 3 , Fig. 3 ), as well as smaller clusters in the insula and inferior temporal gyrus. At a lower threshold (P < 0.01 FDR corrected), also the primary somatosensory cortex and the CMA were seen. There was no reduced functional connectivity with the anterior putamen in the PD group. These findings suggest a shift in cortico-striatal connections in PD, away from the (neurochemically most-affected) posterior putamen and toward the (relatively spared) anterior putamen.
A conjunction analysis of the two between-groups differences described above (posterior putamen: controls > PD; anterior putamen: PD > controls) revealed a dissociation for a region in rostroventral part of the right IPC ([56 -20 28], t-value = 5.79, P = 0.001 FDR corrected). More specifically, this subregion of the IPC could be assigned to the opercular part of Von Economo's parietal area F (PFop, local maximum and 58% of the cluster assigned to this area; Caspers et al. 2006) , which is found between the rostral operculum and the free IPC surface. In controls, this structure was coupled to the posterior putamen (but not the anterior putamen), whereas in PD patients this structure was coupled to the anterior putamen (but not the posterior putamen; Fig. 3 ). On an individual basis, there was a trade-off between connections strengths of the posterior and the anterior putamen, such that subjects with higher posterior putamen connectivity had lower connectivity strengths with the anterior putamen. This effect was seen for both groups (controls: R = -0.54, P = 0.001; PD: R = -0.48, P = 0.002; Fig. 3F ), but PD patients showed a clear bias for enhanced anterior putamen connections. There were no differences in PCC connectivity across groups, even when lowering the threshold to P < 0.05 FDR corrected. This result highlights the anatomical specificity of our findings. Similarly, there were no differences in caudate connectivity across groups, although we observed increased connectivity between the caudate and the dorsomedial prefrontal cortex in the PD group (MNI coordinates [4 52 26] , t = 5.07, P = 0.023 FDR corrected), when lowering the statistical threshold to P < 0.05 FDR corrected.
We also searched for a relationship between disease severity (total UPDRS-III, disease duration) and the abnormal connectivity pattern of the IPC (i.e., beta values for the posterior or the anterior putamen, as well as the difference between these beta values), but there was no significant correlation for any of these measures (all R 2 < 0.05).
Altered Sensori-Motor Integration in PD The results described above suggest that in PD the cortical sensorimotor system becomes partitioned into 2 different cortico-striatal loops, with some parts being connected to the posterior putamen (e.g., the precentral gyrus; Fig. 2 ) and others to the anterior putamen (e.g., the IPC; Fig. 3 ). In controls, there was no such partitioning (i.e., precentral gyrus and IPC are both connected to the posterior putamen). To test whether in PD this would lead to diminished coupling between these 2 different parts of the cortical sensorimotor system, we assessed-for each individual subject-the correlation between the time course of the right precentral gyrus (MNI coordinates [26 -24 56]) and the time course of the IPC (MNI coordinates [56 -20 28]), and compared the magnitude of the correlation coefficients across groups. This revealed a significantly lower cortico-cortical coupling in the PD group than in the controls (PD: r = 0.42 ± 0.039; controls: r = 0.56 ± 0.032; average correlation across subjects ± SEM; independentsamples t-test: P = 0.001), suggesting that the cortico-striatal remapping may also impair cortico-cortical processing.
Supplementary Analyses
The results of these analyses are described in more detail in the Supplementary Material. In short, we found that the shift in connectivity had the following characteristics. First, the shift in cortico-striatal connectivity for the IPC did not change when moving the border between posterior and anterior putamen either rostrally or caudally. This suggests that the effect is caused by a general increase in functional connectivity of the anterior putamen, which is not restricted to the border zone between posterior and anterior putamen. Second, we found that the increased connectivity between the IPC and the anterior putamen in the PD group was significantly larger for the least-affected side, whereas the decreased connectivity with the posterior putamen was similar for both hemispheres. These results support the idea that the enhanced connectivity of the anterior putamen might reflect functional compensation. Third, the shift in connectivity was similar across tremordominant and nontremor PD subgroups, and tremor-related brain activity showed no spatial overlap with the IPC. These results indicate that differences between groups are unlikely to be caused by tremor. Fourth, the shift in connectivity in the IPC was similar across medicated an unmedicated PD patients, whereas both PD subgroups were different from controls. This result indicates that this effect was not caused by medication.
Functional Characteristics of the Seed Regions
There were no differences between PD and controls in the amplitude, variance (coefficient of variation) and frequency distributions (power spectra) of the 4 seed regions' time courses (Supplementary Material). However, we found that the functional relationship between the 4 different seed regions was different across groups. More specifically, the correlation between the time courses of the posterior and anterior putamen was decreased in the PD group (PD: r = 0.69, controls: r = 0.76; P = 0.018; Supplementary Material) , whereas all other combinations were similar across groups (P > 0.36). This indicates that severe dopamine depletion in the posterior putamen functionally isolates this structure from neighboring striatal regions.
Anatomical Characteristics of the PD Patients and Control Subjects
The volume and anatomical location of the striatal seed regions, as well as cortical gray matter volume (VBM analysis), did not differ across groups (Suppl. Material). This indicates that altered functional connectivity was not caused by anatomical changes.
Discussion
The results of this study indicate that PD patients have altered inter-regional couplings within specific cortico-striatal loops, and that these alterations follow the specific spatial pattern of dopamine depletion occurring in this disease. More precisely, whereas functional connectivity between the posterior putamen and the cortical sensorimotor system decreased, a portion of this system (IPC) increased its coupling with the anterior putamen. These connectivity changes had the following characteristics. First, they were spatially specific: there were no differences in the connectivity patterns of the anterior caudate and PCC between PD patients and matched controls. Second, the increased functional connectivity was largest for the anterior putamen in the least-affected hemisphere, whereas the decreased connectivity for the posterior putamen was equally present for both hemispheres. Third, the altered connectivity was not caused by tremor: there was no spatial overlap between regions displaying tremor-related activity and regions showing the shift in connectivity, and PD patients without any tremor showed the exact same pattern as PD patients with severe tremor. Fourth, the altered connectivity was not caused by anatomical changes in the striatal seed regions, in cortical gray matter, nor by alterations in the frequency distribution of the intrinsic fluctuations. Given that the changes in connectivity were observed in the context of intrinsic BOLD fluctuations, they likely represent disease-related alterations of network properties, rather than a collection of locally altered responses to striatal dysfunction driven by a particular task. Below we will elaborate on possible mechanisms behind the shift in connectivity we observed, as well as potential behavioral consequences.
Alterations in Cortico-striatal Connectivity PD patients had decreased connectivity between the posterior putamen and the cortex (bilateral primary and secondary somatosensory cortex, IPC, insula, and CMA). Post mortem and nuclear imaging studies have clearly shown that the posterior putamen suffers most from nigro-striatal dopamine depletion (Kish et al. 1988; Brooks et al. 1990; Guttman et al. 1997; Nurmi et al. 2001; Bruck et al. 2006) . Our findings suggest that this focal depletion may result in a functional disconnection of the posterior putamen from large portions of the cerebral cortex. Disconnecting a dysfunctional posterior putamen from the cortical sensorimotor network might be beneficial for some behavioral functions, in particular if the same cortical network could be redirected toward relatively unaffected parts of the striatum (functional compensation). Accordingly, we found that the decreased functional connectivity in the corticostriatal loop involving the posterior putamen was paralleled by increased coupling between the sensorimotor cortex and the (relatively spared) anterior putamen. This increase was largest for the anterior putamen of the least-affected hemisphere. This finding supports the idea that this change in connectivity reflects a compensatory mechanism: given that residual dopamine levels are highest in the least-affected anterior putamen, this structure seems most capable of compensating for more dopamine-depleted portions of the striatum.
Recent neurophysiological findings provide a potential mechanism for the notion that dysfunctions in the posterior putamen are compensated by an increased influence of the anterior striatum on the cortical motor system. Specifically, it has been shown that dopamine depletion can trigger sprouting of collateral dopaminergic terminals (Finkelstein et al. 2000; Song and Haber 2000) and that residual dopaminergic fibers in the anterior putamen may compensate for severe dopamine depletion in the posterior putamen (Bezard and Gross 1998; Mounayar et al. 2007) . Accordingly, monkeys that recovered from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine intoxication showed more dopaminergic fibers in the caudate nucleus and anterior putamen than monkeys that did not recover (Mounayar et al. 2007) . Crucially, the same mechanism might also account for some maladaptive aspects of cortico-striatal plasticity. For instance, it has been shown that collateral sprouting distributes dopamine over a larger striatal area (Song and Haber 2000) ; that structural abnormalities in newly formed dopamine terminals causes diffusion of dopamine to more distant targets (Stanic et al. 2003; Strafella et al. 2005) ; and that rodent models of PD show increased lateral connections between medium spiny neurons in the striatum (Onn and Grace 1999; Calabresi et al. 2000) . Accordingly, parkinsonian monkeys have enhanced functional interactions between cortico-striatal circuits that are normally segregated (Bergman et al. 1998) , diminished specificity of pallidal neurons to sensory stimulation of different body parts (Filion et al. 1988) , and diminished specificity of thalamic neurons to input from different pallidal subregions (Pessiglione, Guehl, et al. 2005) . Taken together, these neurophysiological findings indicate that putaminal dopamine depletion might increase the influence of the anterior putamen over cortical regions that are normally connected to the posterior putamen, as observed in this study. Yet, this compensatory phenomenon might be an instance of a more general (and maladaptive) consequence of striatal dopamine depletion, namely increased functional overlap between different cortico-striatal loops. This increased functional overlap might account for several behavioral and clinical impairments observed in PD patients. For example, a blurring of cortico-striatal processing within the sensorimotor loop (Romanelli et al. 2005 ) may impair action selection due to decreased ability of the pallidum to focally facilitate a motor representation while inhibiting others (Mink 1996) . In addition, the remapping of cortico-striatal connectivity might create a ''neural bottleneck'' in the anterior putamen, that is, a computational overlap between the motor and the associative cortico-striatal loops (Alexander et al. 1986 ). This bottleneck might drive PD patients to continuously switch between motor and associative components of a task, thereby depleting their attentional resources (Brown and Marsden 1991; Cools et al. 2001) . For instance, although healthy controls are able to process motor execution and mental deliberation in parallel (using the posterior and the anterior putamen, respectively; Jueptner et al. 1997; Jankowski et al. 2009 ), large interferences between these processes are found in PD patients (Pessiglione, Czernecki, et al. 2005) . Future work is needed to test whether the shift in connectivity we observed may have a positive effect on some PD characteristics (e.g., clinical disease progression), but a negative effect on other processes (e.g., sensorimotor integration).
A Mechanism for Impaired Sensorimotor Integration in PD It might be argued that the changes in cortico-striatal connectivity described above occur across a variety of cortical regions, lacking functional coherence. In fact, most of these regions are involved in somatosensory processing. Primary and secondary somatosensory cortices are involved in tactile and proprioceptive processing (Mima et al. 1999) , the insula processes visceral afferents (Eickhoff, Lotze, et al. 2006 ) and the parietal operculum is involved in sensorimotor integration (Hinkley et al. 2007 ). More precisely, the greatest shift in cortico-striatal connectivity of the PD patients occurred in the IPC (area PFop; Caspers et al. 2006 ), a rostro-ventral portion of BA 40. In rhesus monkeys, the corresponding region (area 7b) is a higher-order sensorimotor associative area (Fogassi and Luppino 2005) , anatomically connected to the middle and posterior (but not most anterior) part of the putamen (Cavada and Goldman-Rakic 1991) . In PD patients, this parietal region is hyperactive during simple sequential finger movements (Samuel et al. 1997) , possibly a sign that these patients come to rely on this high-order sensorimotor region even during simple motor tasks.
The changes in cortico-striatal connectivity did not spread to visual or auditory cortices, and this observation fits with the heavy reliance of PD patients on these sensory modalities to guide their actions (Georgiou et al. 1993; Keijsers et al. 2005; Helmich et al. 2007) . Surprisingly, the changes in corticostriatal connectivity did not spread to core motor regions either. This pattern of results might appear counterintuitive-PD patients have clinically obvious motor dysfunctions, known to involve the SMA and large portions of the motor cortex. Yet, it is becoming increasingly clear that these motor dysfunctions are related to pervasive somatosensory impairments, including impairments in kinesthesia (Klockgether et al. 1995; Demirci et al. 1997; Jobst et al. 1997; Maschke et al. 2003; Boecker et al. 1999) , joint position sense (Zia et al. 2000) , sensory gating of urinary bladder efferents (Herzog et al. 2008) , and central processing of proprioceptive signals (Rickards and Cody 1997; Boecker et al. 1999; Seiss et al. 2003) . These impairments may lead to altered motor function in PD (Contreras-Vidal and Gold 2004; Keijsers et al. 2005) , possibly through altered sensorimotor integration (Lewis and Byblow 2002) . The precise mechanism behind these alterations remains unknown, but it has been suggested that deficient gating of sensory signals in the basal ganglia (Filion et al. 1988 ) may lead to abnormal processing of proprioceptive input in motor regions such as the SMA (Escola et al. 2002) . In fact, these alterations of sensorimotor integration may predate in time the emergence of overt motor symptoms: asymptomatic gene carriers (at risk for developing PD) show altered electrophysiological indexes of sensorimotor integration, in the absence of any clinically discernible motor impairments (Baumer et al. 2007) . Taken together, these considerations fit with the idea that movement disorders such as PD may actually result from a primary somatosensory dysfunction that causes faulty computation of relevant movement parameters (Flowers 1976; Maschke et al. 2003) . Our finding of diminished coupling between 2 important nodes of the motor system (the precentral gyrus and the IPC), which were connected to different striatal subregions in PD but not in controls, supports the notion of impaired kinesthetic processing in PD. More precisely, we suggest that the observed remapping of cortico-striatal connectivity partly abolishes the strictly segregated flow of somatosensory information through the basal ganglia. This loss of segregation could lead to altered sensorimotor integration, thus contributing to the classical motor impairments seen in PD.
Interpretational Issues
In this study, we did not directly correct for possible differences in heart rate or respiration across groups. However, given that both groups were similarly naı¨ve to the scanner environment, and given that the effects we report are specific to a limited set of seed regions-there were no differences for the PCC, which has been shown to respond to autonomic fluctuations (Critchley et al. 2003; Birn et al. 2006; Shmueli et al. 2007 )-it appears unlikely that different autonomic fluctuations caused the effects we observed.
For the posterior putamen, we observed functional connectivity with several areas outside the core motor system, that is, the bilateral dorsolateral prefrontal cortex, the extrastriate visual cortex, and the caudal superior temporal gyrus. Although scarce in comparison to the dense connections with the motor cortex, anatomical connectivity between the posterior putamen and extrastriate (Yeterian and Pandya 1995) and temporal cortex (Yeterian and Pandya 1998) has been reported in rhesus monkeys, providing a possible explanation for our results. Alternatively, the observed functional connectivity may be indirect and not rely on anatomical connections, which could explain the coupling between posterior putamen and the dorsolateral prefrontal cortex.
Another surprising finding may be that the subthalamic nucleus (STN), which has motor, associative and cognitive subregions, only showed functional connectivity with the anterior putamen. This may be explained by the size of this nucleus (130 mm 3 ; Mai et al. 2003) , which amounts to 1.5 voxels at the resolution employed in our study. Specifically, given that our spatial resolution was not precise enough to capture the different subregions of the STN, partial volume effects may explain why the average signal in this region showed preferential coupling with the anterior putamen.
We could not find significant relationships between clinical measures of disease severity (i.e., total UPDRS or disease duration) and indexes of cortico-striatal connectivity. This negative result might stem from the fact that the UPDRS does not capture impairments in sensorimotor integration or dual task performance, that is, the functions presumably affected by the altered connectivity patterns we observed. Accordingly, previous work indicates that sensorimotor integration is already severely impaired in Parkin carriers that, despite being clinically un-noticeable, are at risk for developing PD (Baumer et al. 2007 ). It appears relevant to test whether a remapping of cortico-striatal connectivity occurs very early in the disease, because this raises the interesting possibility that altered cortico-striatal connectivity could be used for early diagnosis in presymptomatic stages of PD.
Conclusion
This study shows how changes in striatal dopamine profoundly influence cortico-striatal connectivity. We found a strong decrease in functional connectivity between the posterior putamen and cortical somatosensory and motor regions. In contrast, the anterior putamen-where dopamine depletion in PD is typically less severe than in the posterior putamenexpanded its connectivity profile to these regions, in particular the IPC. Our findings indicate that dopamine depletion leads to a loss of segregation between different cortico-striatal loops. We speculate that this network alteration may explain clinical symptoms such as impaired dual task performance and decreased sensorimotor integration in PD.
